DZ domains are part of a molecular scaffold that holds multiprotein signaling complexes together. It is generally believed that the role of PDZ domains is to position target ion channels, receptors, or other signaling molecules in correct spatial arrangement in relation to each other and to specialized regions of the cell (1) (2) (3) (4) . Two recent reports, one published in Cell (5) and another in this issue of PNAS (6) challenge this paradigm. These reports are focused on biochemical and functional analysis of cystic fibrosis transmembrane conductance regulator (CFTR) channel interactions with multi-PDZ domain adaptor proteins CAP70 (CFTR-associated protein 70 kDa) (5) and NHERF (Na ϩ ͞H ϩ exchanger regulatory factor) (6) . CFTR contains a classical type I PDZ-domain binding carboxyl-terminal consensus ϪT-K͞R-L, conserved from Xenopus to humans (5) . Biochemical association of CFTR with the NHERF PDZ1 domain has previously been reported by several groups (7) (8) (9) , and the importance of this interaction for apical sorting of CFTR in polarized epithelia has been demonstrated (10, 11) . The previous findings fit with the general paradigm regarding the role of the PDZ domain containing proteins in membrane protein targeting in polarized cells.
What makes the reports by Raghuram et al. (6) and Wang et al. (5) particularly interesting is the notion that the association with PDZ domains does more than simply position the CFTR in the appropriate location. Both groups concluded that PDZ domains in NHERF and CAP70 also play a modulatory function by directly affecting CFTR channel gating. Raghuram et al. found that an addition of the NHERF PDZ1-2 tandem protein to the cytosolic side of inside-out patches taken from Calu-3 (lung submucosal gland) cells resulted in an increase of endogenous CFTR channel activity. Remarkably, only the tandem construct of 1-2 NHERF PDZ domains activated CFTR, but not when first or second PDZ domains added independently, mixed together or when one of the PDZ domains in the tandem construct was mutated. Moreover, first and second PDZ domains of NHERF inhibit potentiation of CFTR activity by PDZ1-2 NHERF construct, and the tandem construct itself exerts a biphasic effect on CFTR activity. Wang et al. (5) performed similar experiments with CFTR channels transiently expressed in HEK-293 cells. Using inside-out patches or marcopatches, Wang et al. found that the activity of a CFTR channel potentiated in a biphasic manner by the tandem construct of 3-4 PDZ domains of CA P70, whereas CAP70 PDZ 1-2 and 2-3 tandem constructs had no effect. The PDZ 3 domain alone did not activate CFTR channels, but the PDZ 3-3 tandem construct was effective. Moreover, Wang et al. found that the monoclonal antibody directed against CFTR carboxyl termini had a potentiating effect on CFTR channel activity similar to that of the CAP70 PDZ 3-4 tandem construct.
Three general models can explain the findings of Raghuram et al. (6) and Wang et al. (5) . In the first model PDZ domain tandem links CFTR with an additional membrane or membrane-associated protein (Fig. 1A) . In the second model PDZ domain tandem cross-links two CFTR subunits within the dimeric channel (Fig.  1B) . In the third model PDZ domain See companion article on page 1300.
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Ilya.Bezprozvanny@UTSouthwestern.edu. tandem promotes an assembly of the dimeric CFTR channel from two monomeric subunits (Fig. 1C) . For some channels recruitment of additional subunits ( Fig. 1 A) has been shown to have a functional effect (12) . However, both groups conclude that this scenario is unlikely in the case of CFTR. Indeed, the effects of NHERF PDZ1-2 on CFTR activity were observed not only in Calu-3 cells, but also when CFTR was expressed in Chinese hamster ovary, NIH 3T3, and HEK-293 cells (6) , suggesting that a putative regulatory subunit must be ubiquiously expressed. The ability of monoclonal carboxyl-terminal CFTR antibody to activate channels (5) makes this scenario even less likely. The second possibility (Fig. 1B) is favored by Raghuram et al. who argued that the bivalent NHERF PDZ1-2 domain tandem cross-links carboxyl termini of CFTR subunits in a preexisting dimeric (or multimeric) CFTR channel complex (6) . Oligomeric state of CFTR channel is controversial. Biochemical experiments suggested that CFTR channel is a monomer (13) , but more recent freeze-fracture electron microscopyl (14) and functional (15) data are more consistent with the dimeric CFTR channel. Raghuram et al. explained their results by assuming that the dimeric CFTR channel has low open probability (Fig.  1B Left) . By linking carboxyl termini of CFTR monomers w ithin a dimer NHERF PDZ1-2 tandem construct causes additional elevation in open channel probability (Fig. 1B Right) . The strongest argument in support of this model comes from the observation of the NHERF PDZ1-2 tandem construct effect on CFTR activity in patches containing just one channel (6).
Wang et al. (5) are in favor of the third model (Fig. 1C) . They argue that the dimeric state of the CFTR channel is transient and present in equilibrium with the monomeric form, which may account for conf licting data regarding CFTR channel stochiometr y as discussed above. The data by Wang et al. can then be explained assuming that both monomeric and dimeric CFTR channels are functional, but the open probability of a dimeric channel is higher. In this case a bivalent PDZ domain construct will increase an open probability of a CFTR channel by promoting its dimerization (Fig. 1C) . More information regarding the oligomeric state of the CFTR channel should help to discriminate between the models depicted on Fig. 1 B and C. Can the message from the papers by Raghuram et al. (6) and Wang et al. (5) be applicable to channels other than CFTR? On some level, the conclusion that PDZ domains play not only a structural but also a regulatory role is analogous to the discovery of a modulatory effect of synaptic t-SNARE syntaxin on neuronal Ca 2ϩ channels. The interactions of syntaxin and Ca 2ϩ channels was also initially assumed to play a purely structural role, important for positioning of synaptic vesicles close to the mouth of the channel. However, after syntaxin modulation of Ca 2ϩ channel gating was demonstrated (16, 17) , the ability of syntaxin to modulate CFTR (18) and EnaC (19) also has been shown, leading to a conclusion that syntaxin may play the general role of ion channel modulator in a variety of contexts. From the example of syntaxin we can expect that the role of PDZ domains in modulation of ion channels will not be limited to CFTR, and more examples of ion channel modulation by multivalent scaffold proteins are likely to be uncovered.
As a first step to this unchartered territory, we listed some examples of the ion channels that bind to multi-PDZ domain proteins (Table 1) . With the exception of CFTR, the stochiometry of most known ion channels is fixed, and the mechanism that involves the shift in equilibrium between monomeric and oligomeric states of the channel (Fig. 1C) will not be appropriate for these channels. However, the general mechanisms depicted in Fig. 1 A and B can potentially work for any multi-PDZ domain-associated ion channel. If direct modulation of these channels by multivalent PDZ domain protein is demonstrated, it will establish a generality of phenomenon discovered by Raghuram et al. and Wang et al. in their studies of CFTR.
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